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Abstract: Surface Plasmon Resonance can be used to activate zinc oxide/copper catalysts in
order to perform the carbon dioxide hydrogenation reaction by means of light energy, avoiding
high-temperature processes. The synthesis and impregnation methods have been designed to fill
glass microreactors with ZnO/Cu nanoparticles supported on transparent silica aerogels to maximize
the light absorbed by the catalyst. A LED device surrounding the glass microreactors provided white
light to activate the catalyst homogeneously throughout the reactor. Temperature, pressure, amount of
catalyst and gases flow were studied as possible variables to enhance the process trying to maximize
CO2 conversion rates, achieving the best results working at high pressures. The use of transparent
SiO2 Aerogels as supports for photocatalytic gas phase reactions even under high-pressure conditions
is demonstrated.
Keywords: CO2 hydrogenation; photocatalysis; surface plasmon resonance; solar fuels
1. Introduction
Carbon dioxide conversion into useful products is attracting much attention in the last years as a
way to reduce the greenhouse effect and its dramatic consequences for the planet [1,2]. Among the
options to perform this CO2 conversion, photocatalytic processes using solar energy represent an
interesting way to transform CO2 due to the use of a renewable energy. CO2 can be transformed into
methanol, which is a chemical commodity and can store the energy from the sun [3,4]. Transforming
CO2 into methanol using solar energy generates, therefore, two benefits at the same time: the reduction
of CO2 emissions and the storage of energy from renewable sources.
Photocatalytic CO2 transformation usually shows low conversions because the efficiency of the
process is limited [5]. One of the reasons is related to the low amount of light energy that most of the
catalysts absorb in the visible or ultraviolet band. Surface Plasmon Resonance (SPR) is a phenomenon
exhibited by some metallic nanostructures, which results in a higher light energy absorbance that
can be controlled with the shape and size of the nanoparticles. One area where the SPR effect has
found application is in biosensing [6,7]. However, in the last few years, its application has extended
to photocatalysis [8], which is the main topic of this paper. Commonly, gold and silver nanoparticles
have been studied to enhance SPR effect [9,10], although other metals such as copper also produce
this effect [11]. Copper has been widely used for carbon dioxide hydrogenation in industry combined
with the use of zinc oxide in order to produce methanol with high selectivity [12]. For this reason,
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a combination of both materials Cu/ZnO could be also used to perform carbon dioxide hydrogenation
by means of solar energy using SPR as a way to enhance the efficiency of the process and to maximize
the CO2 transformation.
SPR effect depends on copper nanoparticles size, whose variation can modify the absorption
wavelength of visual light [13]. Carbon dioxide hydrogenation is performed in the contact area
between zinc oxide and copper nanoparticles [14], giving a crucial importance to maximize this contact
area with the synthesis method chosen. For this reason, the synthesis method must produce discrete
copper nanoparticles whose final size can be controlled, and then these copper nanoparticles must be
deposited onto zinc oxide nanorods avoiding agglomeration.
Carbon dioxide and hydrogen can produce methanol directly in a one-step reaction. However, the
conversion is increased when the transformation is carried out in two steps [15]. First, carbon dioxide
is transformed in carbon monoxide (endothermic), and after this CO again with hydrogen produce
methanol (exothermic).
In this work, glass microchannels were selected to perform the carbon dioxide hydrogenation
because they provided great homogeneity in the light distribution through the reactor [16].
Glass microreactors avoided light absorption interferences, allowing to study the influence of the
material properties and reaction conditions on CO2 conversion.
In order to fix the catalyst inside the microchannels, a support was required. This support must
provide high surface areas in order to load the bimetallic catalyst and, at the same time, allow that
enough light is transmitted to the catalyst to activate it. Silica aerogels are micro-mesoporous materials
with high surface areas (400–1500 m2/g) and high visible transparency [17], properties that placed
them as the best option to be used as a support in this work.
Therefore, a bimetallic catalyst ZnO/Cu supported in silica aerogels can be activated with visual
light and be used to perform carbon dioxide hydrogenation in glass microchannels. In a previous
work, the viability of the idea was tested with good results in a setup described in [18], opening the
possibility to improve the process optimizing the reaction parameters. With the purpose of increasing
CO2 conversion rate, a complete study of the influence of some reaction variables (temperature,
pressure, catalyst amount and reactants proportion) has been performed in this work. With this work,
we aim to open new opportunities for the integration of plasmonic photocatalysts in future scalable
reaction systems to produce useful compounds as such methanol using solar energy.
2. Materials and Methods
2.1. Reagents
The chemicals used during this stage were: Zinc acetate dihydrate (>98%), oleylamine (70%),
tetramethyl orthosilicate (98%), ammonia (30%), triethylene glycol (99%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ethylene glycol (99.5%) (Merck, Kenilworth, NJ, USA).
Copper acetate monohydrate (99.9%) was purchased from Alfa Aesar (Haverhill, MA, USA). Methanol
(99.8%) was purchased from Panreac (Barcelona, Spain).
2.2. Synthesis of Plasmonic Catalyst
Following the method proposed by Tan et al. (2013) [19], zinc oxide nanorods were developed
firstly, and then copper nanoparticles were deposited onto in a second step, controlling the final size of
the nanoparticles and the wavelength where visual light was absorbed.
Oleylamine/zinc acetate ratio was the most important parameter that defined the final shape of
zinc oxide nanoparticles. In order to produce nanorods, 3 mmol of zinc acetate were mixed with 1.3 mL
of oleylamine in a three-necked flask. After degassing the mixture at 80 ◦C for 45 min in a vacuum
atmosphere, a nitrogen stream was introduced in the system and the temperature was increased to
220 ◦C for 15 min. After this, the final product obtained was a white paste stuck to the bottom of the
flask. 10 mL of ethanol were used with stirring to remove the solid product, and then the mixture
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was centrifuged (centrifuge Kubota 5100, Tokyo, Japan) at 5000 rpm in order to isolate the precipitate.
The solid product was washed again twice with 5 mL of ethanol to ensure a perfect removal of the
reactants. ZnO nanorods prepared were redispersed in 20 mL of triethylene glycol for two hours by
sonication, and then stirred under room conditions overnight.
After that, a dual glycol system was prepared to deposit copper oxide nanoparticles onto the
ZnO nanorods. Copper acetate (1.5 mmol) was added in a second pot to 4 mL of ethylene glycol,
using sonication for 1h to create a homogeneous solution. Ethylene glycol (2 mL) was also added to
the zinc oxide vessel, and the solution was transferred to a three-necked flask again to be degassed at
ambient temperature for 10 min. Then, the copper acetate solution was placed in an addition funnel
connected to the three-necked flask with the copper oxide, which was heated at 190 ◦C under nitrogen
purging. With the aim of avoiding agglomeration, copper acetate solution was added slowly drop by
drop during 10 min. After this, the solution was cooled, washed and centrifuged three times with
isopropanol at 5000 rpm. The mass of the solid obtained was then registered.
2.3. Synthesis and Impregnation of Silica Aerogels
The silica gels were synthesized following the method used by Sanz-Moral et al. (2014) [20].
The precursors used were tetramethyl orthosilicate (TMOS), methanol, water and ammonia in a
1:2.3:3.84:0.012 molar ratio. The amount of ammonia was the controlling parameter for the gelation
time. Depending on the catalyst load, which also affected the gelation time, molar ratio TMOS:
ammonia was varied from 1:0.012 to 1:0.12 in order to achieve the right gelation time. We adjusted
the amount of silica precursor added in accordance to the required catalytic load (7.0%, 10.0%, 13.0%)
based on the mass of Cu/ZnO catalyst obtained in the previous step.
Silica aerogels also represented a benefit for subsequent impregnation in the glass microchannels.
Aerogels were produced through the sol-gel route, mixing all the precursors in a liquid state under
stirring to generate the hydrogel. These precursors included methanol, which was used to suspend
the catalyst nanoparticles by sonication. After that, methanol was mixed with the other precursors
generating the silica net, while retaining the Cu/ZnO catalyst inside. This silica structure was in a
liquid form for a few seconds, which allowed the impregnation in glass microreactors by using just a
syringe. Then, the gelation process took place directly inside the microreactors obtaining a hydrogel
well attached to the walls of the microchannels and avoiding problems of introducing a solid catalyst in
a narrow microchannel. In this way, gelation time became the key factor for the catalyst impregnation
inside the microreactors. The injection with the syringe in a liquid state required gelation times not
too short. However, if the gelation process were too slow, the catalyst would precipitate and the final
structure would not be homogeneous.
First, methanol with the catalyst nanoparticles was mixed with TMOS in a small glass and stirred
for a few minutes. At the same time, a second glass beaker with water and ammonia was also stirred
and covered to avoid ammonia evaporation. Then, both solutions were mixed and the syringe was
used to fill the microreactor. After a few seconds, the liquid turned into the hydrogel with the catalyst
inside showing good adhesion and homogeneity along the entire length of the glass microreactor
(15 cm).
2.4. Aerogels Supercritical Drying
Before carrying out the drying with supercritical CO2, an intermediate step was required for
aging the hydrogels [21]. In this stage, the microreactors were placed in a vessel filled with methanol
and closed for one week. The aim was to remove the water from the structure producing alcogels,
which were dried later with supercritical CO2. In order to ensure no water remained in the structure,
methanol was renewed twice during the week.
After that, the alcogels were ready to be dried with supercritical CO2. The experimental plant for
aerogels drying (Figure 1) had an oven to heat the system at 45 ◦C, and CO2 was pumped at 110 bar
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above the supercritical point [20]. Inside the oven, there was a high-pressure vessel that was filled
with methanol before microchannels were placed inside.
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Figure 2. Carbon dioxide hydrogenation experimental plant. 
The experimental setup was designed to be able to control the reaction parameters that can have 
an influence on the carbon dioxide transformation, such as pressure, temperature and gas inlet flows. 
The plant had two flow mass meter/controllers (EL-Flow F-200, Bronkhorst, The Netherlands) for H2 
and CO2 with ranges up to 1 mL/min. The temperature was controlled by placing the microreactors 
inside a gas chromatography oven (Agilent 7890, Santa Clara, CA, USA) and the pressure was 
controlled by a pressure meter/controller (EL-Press series, Bronkhorst, The Netherlands) located at 
the exit of the oven.  
The microreactor consisted of a 0.5 mm ID glass capillary with an external diameter of 5 mm 
(Schott Duran, Mainz, Germany). The microreactor was surrounded by a set of LEDs (Superbright, 
inspired LED), which provided a nominal power of 9780 W/m2 of white light in the most 
homogeneous way to illuminate correctly the entire reactor [18]. The gas outlet stream was measured 
with a Micro Gas Chromatograph (CP-4900, Varian, Palo Alto, CA, USA) equipped with two 
columns: a poraplot 10 m and a 5A molsieve.  
i r . ilic r ls r i l t.
When the high-pressure vessel was closed, the upper valve was slightly opened to introduce the
supercritical carbon dioxide and to increase slowly the pressure (if there were a sudden change
of pressure inside the vessel, the aerogels would be broken). After the pressure in the vessel
reached 110 bar, the lower valve was also opened in order that carbon dioxide started to circulate
through the complete system for 45 min. As methanol has not a high solubility in supercritical CO2,
four drying cycles were performed, renewing CO2 between each cycle to ensure a complete drying
of methanol. The final products were the aerogels correctly formed and with great adherence to the
microchannel walls.
2.5. Experimental Reaction Plant
After microreactors were prepared to perform the reaction, they were carried to the experimental
setup where carbon dioxide hydrogenation was performed. This plant (Figure 2) was used in previous
work to test the reactor concept with good results [18].
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Figure 2. Carbon dioxide hydrogenation experimental plant.
The experime tal s tup was designed to be able to control the re ction parameters that can
have an influence on the carbon ioxide transformation, such as pressure, temperature and gas inle
fl ws. Th plant had two flow mass meter/controllers (EL-Flow F-200, Bronkhorst, The Neth rlands)
for H2 and CO2 with ranges up to 1 mL/min. The temperature was controlled by placing the
microreactors inside a gas chromatography oven (Agilent 7890, Santa Clara, CA, USA) and the
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pressure was controlled by a pressure meter/controller (EL-Press series, Bronkhorst, The Netherlands)
located at the exit of the oven.
The microreactor consisted of a 0.5 mm ID glass capillary with an external diameter of 5 mm
(Schott Duran, Mainz, Germany). The microreactor was surrounded by a set of LEDs (Superbright,
inspired LED), which provided a nominal power of 9780 W/m2 of white light in the most homogeneous
way to illuminate correctly the entire reactor [18]. The gas outlet stream was measured with a Micro
Gas Chromatograph (CP-4900, Varian, Palo Alto, CA, USA) equipped with two columns: a poraplot
10 m and a 5A molsieve.
2.6. Catalyst Characterization
Light absorbance tests for the ZnO/Cu catalyst were performed using a UV-Vis Spectrophotometer
(Shimadzu UV 2550, Shimadzu, Kyoto, Japan). Transmission Electron Microscopy was carried out with
a JEOL JEM-2100F UHR (JEOL, Tokyo, Japan) for catalyst nanoparticles, and with a JEOL JEM-FS2200
HRP (JEOL, Tokyo, Japan) for silica nanocomposites. The chemical structure of the aerogel was studied
by Fourier Transform Infrared Spectroscopy (FTIR model TENSOR from Bruker, Billerica, MA, USA).
Accelerated Surface Area and Porosimetry Systems (ASAP 2020 and 2420 from Micromeritics, Atlanta,
GA, USA) were used to calculate the specific surface area and to determine the nitrogen isothermal
adsorption—desorption curve.
3. Results and Discussion
3.1. Catalyst Characterization
Transmission Electron Microscopy was used to check the correct formation of ZnO nanorods, and
to prove that copper nanoparticles were deposited onto nanorods surface (Figure 3) before loading the
catalyst in the aerogel.
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Figure 3. TEM images of ZnO anorods (left) and copper nanoparticles deposited ont ZnO nanorods (right).
These TEM images confirmed that ZnO nanorods were correctly created and discrete copper
nanoparticles were formed on th ZnO surface with ut agglome ation as it was expected. Moreov ,
the imp egnation of the catalyst inside the silica net was als studied in order to ensur catalyst was
properly loaded (Figur 4).
The distribution of silica, zinc and copper in the structure was obtained by using dark field
technique selecting the reflections of each element. Silica was the main component and appeared
throughout the structure, while zinc oxide nanoparticles were found all together inside the silica
structure. Most of the copper nanoparticles were located in the zinc oxide area, indicating that they
were correctly deposited onto ZnO nanorods. However, an important amount of copper nanoparticles
were found away from zinc oxide nanorods given that they were not correctly deposited, affecting the
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efficiency of the process. This means that the Cu/ZnO catalyst nanostructure was affected during its
introduction into the aerogel net. This also suggests the possibility of maldistribution of the catalyst
inside the aerogel.
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L ght abs rption of this bimetallic catalyst wa tested by UV-Vis Spectrophotomet y (Figure 5)
in order to prove both materials were absorbing ght in the visible band (copper) and ultraviolet
band (zinc oxide). ZnO nanorods exhibited a peak at 370 nm, a Cu nanoparticles induced a peak
around 600 nm, which corresponded to the abs rp ion of t ra ge between orange and red colour [22].
The broad definition of a peak was due to the variable size of anoparticles, moving in a narrow ange
of sizes but not enough to define a clear peak.
FTIR analysis was used t study th influence of catalys loading on the structure of the aerogel.
With his p pose, sil ca aerogel without catalyst was first analysed, in ord r to obtain the IR spectra of
the silica material nd ide tify all its chemical bonds. After that, two different amounts of catalyst
load (7.0 and 10.0% in we ght) were nalysed to study if their addition affected th silica structure or
the nanoparticles were located inside the porous s ruc ure without creating n w bonds (Figure 6).
The main peaks of the silica s ructur were ide tified in the silica aerogel spe tra. The most
intense and broad peak was found a 1050 cm−1, with a shoulder a around 1200 cm−1 due to Si-O-Si
asymmetric stretchi g vibrations [23]. The symmetric stretching vibr tions of Si-O-Si were observed at
800 cm−1. When the catalyst was impregnated in the aerogel, no significant peaks appeared on the
spectra, and the silica structure peaks were still correctly formed, concluding that catalyst loads did
not affect the chemical structure of the aerogel.
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Same samples were analysed to determine the surface area and pore volume depending on catalyst
load. Both properties were calculated from N2 isotherm adsorption—desorption curve, that showed
for all the samples a type IV isotherm curve that is usual for mesoporous silica aerogels [24] (Figure 7).
Almost no differences were found when 7.0% and 10.0% catalyst were loaded in the aerogel.
The BET surface area calculated was 845.3 m2/g for silica aerogels, and it was slightly reduced to
843.4 and 842.7 m2/g for 7.0 and 10.0% catalyst load, respectively. This indicated that the presence
of catalyst did not have a big influence on the textural properties of the silica aerogel. However, the
inclusion of the catalyst in the porous structure had an influence on the pore volume. For silica aerogels
the BJH pore volume calculated was 2.91 cm3/g, being reduced to 2.46 and 2.29 cm3/g for 7 and 10%
catalyst load, respectively. Loading more catalyst led to lower pore volume.
It is interesting that although the pore volume is reduced the surface area remains constant,
in spite of the increase of catalytic material loaded. This effect could be owed to the already observed
maldistribution (e.g., agglomeration) of the catalyst inside the aerogel structure which increases at
higher loads. This could, in effect, leave most of the surface area free. This suggests that more studies
are necessary for the improvement of the dispersion of the material and its characterization.
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3.2. Carbon Dioxide Hydrogenation
After the proof of concept previously done working at 20 bar and 50 and 70 ◦C [18], a complete
study of the influence of different parameters has been done. The variables whose influence has
been studied were the preheating temperature of gases, the pressure, the gas inlet mass flows and
the amount of catalyst. The results are presented as a function of the time elapsed since the flow
(and illumination) was started.
3.2.1. Influence of Temperature
The first parameter studied was the temperature for gases preheating. Visual light was the main
source of energy for the carbon dioxide hydrogenation, although gases temperature could also have
an influence on the process.
In order to analyze this variable, several experiments were performed. First of all, an initial
experiment working without connecting the LEDs was carried out in order to analyze if the reaction
could be performed only with temperature. Working always at 20 bar, 10.0% catalyst loaded and
flows of 1 mL/min for hydrogen and 0.33 mL/min for carbon dioxide, experiments at 50, 100 and
150 ◦C were done and the conclusion was the same in all the cases: no conversion of carbon dioxide
was produced.
After this, the same experiments were performed turning on the lights. In this case, carbon
dioxide started to be transformed (Figure 8).
Figure 8 showed that preheating of gases had almost no influence on the CO2 conversion rate
and the results were almost constant. This caused proximity between the data points, and thus error
bars wer excluded. However, the gases flow control system did not allow to avoid preheating. Flow
controllers could n t stabilize perfectly flows wh the gases were cold, and th y worked much better
with a small heating. F r this reason, it was decided to work always at 50 ◦C for the next experiments.
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3.2.2. Influence of Catalyst Amount
The next variable studied was the amount of catalyst. Variation of the amount inside the aerogel
was really easy, because the catalyst was directly diluted in the methanol needed as a precursor for the
silica aerogel. However, 13.0% catalyst loaded in the aerogel was the maximum amount loaded, due to
gelation problems for higher loads. These higher loads required longer gelation times, which promoted
the precipitation of the catalyst, and as a result, the catalyst was not well distributed throughout the
silica net. Because of this, experiments with 7.0, 10.0 and 13.0% catalyst deposited were performed,
working always at 20 bar, 50 ◦C and flows of 1ml/min for hydrogen and 0.33 mL/min for carbon
dioxide (Figure 9).
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Figure 9. Influence of catalyst load on the reaction at 20 bar (7.0% , 1 .0% •, 13.0% N). Data points
represen the average of 3 experiments, with e ror bars co responding to a 95% confidence interval.
Figure 9 showed that CO2 conversion rates were higher when the amount of catalyst
decreased. Using more catalyst did not help to improve the process, attaining the opposite effect.
Although metallic nanoparticles did not precipitate, they could be agglomerated inside the silica
net. Agglomeration process entailed a reduction in the area used for carbon dioxide hydrogenation,
and this could lead to a decrease in the CO2 conversion rate. In the same way, loading more catalyst
Materials 2018, 11, 2134 10 of 13
reduced the light available generating a less transparent material and decreasing the volume of catalyst
that was activated by light.
3.2.3. Influence of Reactants Proportion
The influence of hydrogen and carbon dioxide flows on the conversion rate of CO2 was also
analysed. They were mixed in a 3:1 proportion in order to test temperature and catalyst amount
influence on the process, and it has been studied if adding more hydrogen could benefit the reaction
(Figure 10). Pressure, temperature and catalyst load were 20 bar, 50 ◦C and 10.0% for all the experiences.
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For these ex eri ents, the 2 flow was kept constant at the lo est controllable rate in our
syste (0.25 min). Figure 10 indicated that increasing hydrogen proportion as not tra slate
into a clear i r e e t f r t e r cess. In r er t ac ie e 4:1 t r rti , 2 flo
re ai e c sta t at 1 min, and CO2 flow was adjusted to 0.25 mL/min.
evertheless, the error i olved at 4:1 :C 2 proportions is very large. This is related to the
ethod that e have used to easure the 2 conversion, which is based on gas chromatography,
ic is c l used for larger flowrates (and therefore bigger samples). As consequence of the low
flow rate, the signal corresponding to CO2 is diminished to a point where the changes in the measured
concentrati are very wide causing the results to oscillate more than in the 3:1 proportion. Thus, it is
advisable to implement an in-situ method that complements the kinetic informatio obtained.
3.2.4. Influence of Pressure
Finally, the last reaction variable whose influence has been studied was the pressure.
Carbon dioxide hydrogenation is performed in the intersection between zinc oxide and copper
nanoparticles [14], where at the same time carbon dioxide molecule was attacked and hydrogen
molecule is retained enough time to produce the reaction [25]. Increasing the pressure of the system
could help to this phenomenon and improve the process shifting the equilibrium in order to increase
the concentration of the product.
In fact, for the case of methanol synthesis, both methanol selectivity and CO2 conversions
have been proved to improve with higher pressures by Gaikwad, Bansode & Urakawa (2016) [26].
They demonstrated the strong influence of phase behavior and mass transfer and effective its control
at higher pressures.
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Initially, the pressure was varied between 20 and 50 bar to study its influence on the reaction
(Figure 11). The experiences were performed working with 1 and 0.33 mL/min as hydrogen and
carbon dioxide flows respectively, at a temperature of 50 ◦C and 10.0% of catalyst loaded in the aerogel.
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Increasing the temperature improved the CO2 conversion rate, and this improvement was bigger
for the highest ress re. he benefit obtained after increasing from 30 to 50 bar was much higher than
increasing from 20 to 30 bar, which indicated that this improvement could conti ue increasing for
higher pressures.
With the ai of orki g at even higher pressures, a new carbon dioxide flow controller (Cori-Flow,
Bronkhorst, The Netherlands) was acquired to enable work with CO2 also in supercritical conditions
when pressure and temperature were above 73 bar and 31 ◦C. The introduction f this ew flow
contr ller allowed to increase the pressure up to 100 bar, and to study the reaction in these new
conditions keeping all the other variables consta t as in previous experiments (Figure 12).
aterials 2018, 11, x FOR PEE  REVIEW  11 of 13 
 
Initially, the pressure was varied between 20 and 50 bar to study its influence on the reaction 
(Figure 11). T  experiences were performed working with 1 and 0.33 mL/mi  as hydrogen and 
carbon dioxide flows r sp ctiv ly, at a temperature of 50 °C  10.0% of cataly t loaded in the 
aerogel. 
 
i re 11. Influence of pressure on the reaction (20 bar ■, 30 bar •, 50 bar ▲). Data points represent 
the average of three experiments, with error bars corresponding to confidence interval 95%. 
Increasing the temperature improved the CO2 conversion rate, and this improvement was bi ger 
for the highest pressure. The benefit obtained after increasing from 30 to 50 bar was much higher 
than increasing from 20 to 30 bar, which indicated that this improvement could continue increasing 
for higher pressures. 
With the aim of working at even higher pressures, a new carbon dioxide flow controller (Cori-
Flow, Bronkhorst, The Netherlands) was acquired to enable work with CO2 also in supercritical 
conditions when pressure and temperature were above 73 bar and 31 °C. The introduction of this 
new flow controller allowed to increase the pressure up to 100 bar, and to study the reaction in these 
new conditions keeping all the other variables constant as in previous experiments (Figure 12). 
 
Figure 12. CO2 hydrogenation at high pressures (50 bar ■, 80 bar •, 100 bar ▲). Data points represent 

















Figure 12. 2 hydrogenation at high pre sures (50 bar , 80 bar •, 1 0 bar N). ata points represent
the average of 3 experi ents, ith e ror bars co responding to confidence interval 95 .
Materials 2018, 11, 2134 12 of 13
These results continued showing an improvement in the CO2 conversion rate, particularly
important after working in supercritical conditions for carbon dioxide. This large benefit continued
until reaching 100 bar, which was the maximum pressure the experimental setup allowed to work.
This is in accordance with Le Châtelier’s principle given that high pressures promote higher CO2
conversions, confirming the findings from Gaikwad, Bansode & Urakawa (2016) [26]. Moreover, it also
shows the suitability of aerogels photocatalytic supports even under supercritical CO2 conditions.
4. Conclusions
Transparent silica aerogel was used as support for carbon dioxide hydrogenation with white
light using a plasmonic catalyst composed of copper and zinc oxide. This nanocomposite has been
impregnated in 0.5 ID glass microchannels with good adherence to be used to perform the reaction in
the gas phase. The experimental setup built allowed precise control of the pressure, temperature and
gases flow to study their influence on the reaction. The amount of catalyst loaded in the aerogel was
also studied as a variable to improve the process.
Changes in temperature and gases flow did not affect CO2 conversion rates, not being useful to
improve the process. An increase in the amount of catalyst was negative for the goal of improving
the CO2 conversion rate, achieving better results for smaller amounts of catalyst. This could be
owed to the maldistribution of the catalyst inside the aerogel at higher loads. The key parameter to
enhance the results has been proved to be the pressure. Increasing pressure up to 50 bar improves CO2
conversion rate considerably, even though overpassing the critical point multiplied the benefit for the
CO2 conversion rate. While other parameters provided a slight improvement, pressure improved up
to 30% the CO2 conversion rate obtained. Aerogels are shown as attractive supports for photocatalytic
gas phase reactions even under high-pressure conditions.
Author Contributions: Conceptualization, A.N.; Methodology—synthesis and characterization, S.M.
writing—original draft preparation, S.M.; Writing—Review & Editing, A.M., S.M., A.N.; Supervision, R.D., M.C.
Funding: Funded by the Spanish Ministry of Economy and Competitiveness, project ENE2014-53459R.
Sergio Muñoz thanks University of Valladolid for a predoctoral grant.
Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication of this article.
References
1. Parmesan, C.; Yohe, G. A globally coherent fingerprint of climate change impacts across natural systems.
Nature 2003, 421, 37–42. [CrossRef] [PubMed]
2. Cox, P.M.; Betts, R.A.; Jones, C.D.; Spall, S.A.; Totterdell, I.J. Acceleration of global warming due to
carbon-cycle feedbacks in a coupled climate model. Nature 2000, 408, 184–187. [CrossRef] [PubMed]
3. Centi, G.; Quadrelli, E.A.; Perathoner, S. Catalysis for CO2 conversion: A key technology for rapid
introduction of renewable energy in the value chain of chemical industries. Energy Environ. Sci. 2013,
6, 1711–1731. [CrossRef]
4. Centi, G.; Perathoner, S. Opportunities and prospects in the chemical recycling of carbon dioxide to fuels.
Catal. Today 2009, 148, 191–205. [CrossRef]
5. Qu, Y.; Duan, X. Progress, challenge and perspective of heterogeneous photocatalysts. Chem. Soc. Rev. 2013,
42, 2568–2580. [CrossRef] [PubMed]
6. Rizal, C.; Pisana, S.; Hrvoic, I. Improved magneto-Optic surface plasmon resonance biosensors. Photonics
2018, 5, 15. [CrossRef]
7. Brolo, A.G. Plasmonics for future biosensors. Nat. Photonics 2012, 6, 709–713. [CrossRef]
8. Wu, T.; Liu, S.; Luo, Y.; Lu, W.; Wang, L.; Sun, X. Surface plasmon resonance-induced visible light
photocatalytic reduction of graphene oxide: Using Ag nanoparticles as a plasmonic photocatalyst. Nanoscale
2011, 3, 2142–2144. [CrossRef] [PubMed]
9. Linic, S.; Christopher, P.; Ingram, D.B. Plasmonic-metal nanostructures for efficient conversion of solar to
chemical energy. Nat. Mater. 2011, 10, 911–921. [CrossRef] [PubMed]
Materials 2018, 11, 2134 13 of 13
10. Lee, K.-S.; El-Sayed, M.A. Gold and silver nanoparticles in sensing and imaging: Sensitivity of plasmon
response to size, shape, and metal composition. J. Phys. Chem. B 2006, 110, 19220–19225. [CrossRef]
[PubMed]
11. Khanna, P.K.; Gaikwad, S.; Adhyapak, P.V.; Singh, N.; Marimuthu, R. Synthesis and characterization of
copper nanoparticles. Mater. Lett. 2007, 61, 4711–4714. [CrossRef]
12. Studt, F.; Behrens, M.; Kunkes, E.L.; Thomas, N.; Zander, S.; Tarasov, A.; Schumann, J.; Frei, E.; Varley, J.B.;
Abild-Pedersen, F.; et al. The Mechanism of CO and CO2 Hydrogenation to Methanol over Cu-Based
Catalysts. ChemCatChem 2015, 7, 1105–1111. [CrossRef]
13. Darugar, Q.; Qian, W.; El-Sayed, M.A.; Pileni, M.P.-P. Size-dependent ultrafast electronic energy relaxation
and enhanced fluorescence of copper nanoparticles. J. Phys. Chem. B 2006, 110, 143–149. [CrossRef] [PubMed]
14. Tisseraud, C.; Comminges, C.; Belin, T.; Ahouari, H.; Soualah, A.; Pouilloux, Y.; le Valant, A. The Cu-ZnO
synergy in methanol synthesis from CO2, Part 2: Origin of the methanol and CO selectivities explained by
experimental studies and a sphere contact quantification model in randomly packed binary mixtures on
Cu-ZnO coprecipitate catalysts. J. Catal. 2015, 330, 533–544. [CrossRef]
15. Anicic, B.; Trop, P.; Goricanec, D. Comparison between two methods of methanol production from carbon
dioxide. Energy 2014, 77, 279–289. [CrossRef]
16. Das, S.; Srivastava, V.C. Microfluidic-based photocatalytic microreactor for environmental application:
A review of fabrication substrates and techniques, and operating parameters. Photochem. Photobiol. Sci. 2016,
15, 714–730. [CrossRef] [PubMed]
17. Shlyakhtina, A.V.; Oh, Y.-J. Transparent SiO2 aerogels prepared by ambient pressure drying with ternary
azeotropes as components of pore fluid. J. Non-Cryst. Solids 2008, 354, 1633–1642. [CrossRef]
18. Navarrete, A.; Muñoz, S.; Sanz-Moral, L.M.; Brandner, J.J.; Pfeifer, P.; Martín, Á.; Dittmeyer, R.; Cocero, M.J.
Novel windows for “solar commodities”: A device for CO2 reduction using plasmonic catalyst activation.
Faraday Discuss. 2015, 183, 249–259. [CrossRef] [PubMed]
19. Tan, Z.Y.; Yong, D.W.Y.; Zhang, Z.; Low, H.Y.; Chen, L.; Chin, W.S. Nanostructured Cu/ZnO coupled
composites: Toward tunable Cu nanoparticle sizes and plasmon absorption. J. Phys. Chem. C 2013, 117,
10780–10787. [CrossRef]
20. Sanz-Moral, L.M.; Rueda, M.; Mato, R.; Martín, Á. View cell investigation of silica aerogels during
supercritical drying: Analysis of size variation and mass transfer mechanisms. J. Supercrit. Fluids 2014, 92,
24–30. [CrossRef]
21. Smitha, S.; Shajesh, P.; Aravind, P.R.; Kumar, S.R.; Pillai, P.K.; Warrier, K.G.K. Effect of aging time
and concentration of aging solution on the porosity characteristics of subcritically dried silica aerogels.
Microporous Mesoporous Mater. 2006, 91, 286–292. [CrossRef]
22. NASA. What Wavelength Goes with a Color? Available online: http://science-edu.larc.nasa.gov/EDDOCS/
Wavelengths_for_Colors.html) (accessed on 17 May 2018).
23. Al-Oweini, R.; El-Rassy, H. Synthesis and characterization by FTIR spectroscopy of silica aerogels prepared
using several Si(OR)4 and R′ ′Si(OR′)3 precursors. J. Mol. Struct. 2009, 919, 140–145. [CrossRef]
24. Al-Oweini, R.; El-Rassy, H. Surface characterization by nitrogen adsorption of silica aerogels synthesized
from various Si(OR)4 and R”Si(OR′)3 precursors. Appl. Surf. Sci. 2010, 257, 276–281. [CrossRef]
25. Martínez-Suárez, L.; Siemer, N.; Frenzel, J.; Marx, D. Reaction Network of Methanol Synthesis over Cu/ZnO
Nanocatalysts. ACS Catal. 2015, 5, 4201–4218. [CrossRef]
26. Gaikwad, R.; Bansode, A.; Urakawa, A. High-pressure advantages in stoichiometric hydrogenation of carbon
dioxide to methanol. J. Catal. 2016, 343, 127–132. [CrossRef]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
